We report a novel zygotic gene encoding a Xenopus endodermal nuclear factor, Xenf. Expression of Xenf starts at the late blastula stages and is decreased after gastrulation. Xenf shows no structural homology to any known proteins. When GFP-tagged Xenf is overexpressed in Xenopus cells, Xenf protein is localized to the nucleus, associating closely with the chromosomes. In animal cap assays, Xenf expression is strongly activated by mRNA injection of Vg1 and VegT, maternal vegetal genes that can induce endodermal differentiation. In contrast, Xenf is not induced by endoderm-inducing zygotic transcription factors such as Sox17 and Mix-related genes. In turn, Xenf does not activate expression of Sox17, Mixer or Milk. Thus, Xenf is regulated by maternal vegetal positional information in a parallel manner to Sox17 and Mix-related gene pathways. q
Introduction
During vertebrate embryogenesis, endoderm gives rise to most of the epithelial cells of the digestive and respiratory tracts and parenchymal cells of the digestive organs such as liver and pancreas. In addition, a number of endocrine cells are derived from endoderm, including thyroid follicle cells and pancreas islet cells. Despite these intriguing features, endoderm has been the least understood of the three germ layers in terms of differentiation. One of the main reasons for this is that, until recently, early molecular markers were not available for endoderm differentiation, although a few late markers had been reported (Wright et al., 1988; Jones et al., 1993; Shi and Hayes, 1994) . Over the last few years, however, several early endodermal genes have been identi®ed and used as molecular markers in Xenopus research. Endodermin (Edd) is an a2-macroglobin-class molecule expressed in a pan-endodermal fashion (Sasai et al., 1996) . So far, there is nothing to suggest a direct role for Edd in the regulation of endoderm differentiation per se. Sox17 is a Sry-related transcription factor which is expressed in Xenopus endoderm from the late blastula stages onwards (Hudson et al., 1997) . A group of homeobox genes is also expressed in the gastrula endoderm. Mixer, a gene structurally related to Mix1 (Rosa, 1989) , was isolated in a functional screen for regulators of endoderm differentiation (Henry and Melton, 1998) . Milk is an early endoderm factor containing a homeodomain structurally related to Mix1 and Mixer (Ecochard et al., 1998) .
RNA injection of any of Sox17, Mixer and Milk can induce endoderm markers such as Edd in animal cap explants, indicating that these zygotic transcription factors are suf®cient to activate the cascade leading to endodermal differentiation (Hudson et al., 1997; Ecochard et al., 1998; Henry and Melton, 1998) . Furthermore, dominant-negative studies have suggested that Sox17 and Mixer may be required for endoderm formation (Hudson et al., 1997; Henry and Melton, 1998) .
Some maternal factors located on the vegetal side have been suggested to play a role in Xenopus endodermal development. Vg1 mRNA encodes a TGF-b-type factor and is localized in the vegetal pole of early embryos (Weeks and Melton, 1987 ). An active form of Vg1 mRNA (Thomsen and Melton, 1993; Kessler and Melton, 1995) overexpressed in animal caps can induce expression of endodermal markers (Henry et al., 1996) . Overexpression of a dominant-inhibitory Vg1 mutant disrupts endoderm formation (Joseph and Melton, 1998) . Endodermal differentiation can be also induced by a high concentration of another TGF-b factor, activin, in animal caps (Asashima et al., 1991; Jones et al., 1993; Gamer and Wright, 1995; Henry et al., 1996) . Overexpression of a dominant-negative activin receptor induces expression of ectodermal and mesodermal markers in explanted vegetal poles, indicating that prospective endoderm can change its fate when activin-related signals are blocked (Hemmati-Brivanlou and Melton, 1994; Henry et al., 1996) . These results suggest that activin/Vg1-like TGF-b molecules are involved in the upstream regulation of endodermal development.
VegT is a T-box-containing transcription factor expressed both maternally and zygotically. Zygotic VegT mRNA is detected in the marginal zone of Xenopus gastrulae and is suggested to play a role in mesoderm induction (for a review see Kimelman and Grif®n, 1998) . In contrast, maternal transcripts of VegT are concentrated in the vegetal pole and are involved in endodermal development. Injection of synthetic VegT mRNA, which is supposed to mimic the effect of maternal VegT, can induce endodermal markers in animal caps (Horb and Thomsen, 1997) . Depletion of maternal VegT mRNA by injecting antisense VegT oligonucleotides results in inhibition of endoderm formation (Zhang et al., 1998) . Thus, maternal VegT seems to be an essential maternal component for positional information to direct endoderm formation on the vegetal side (Kimelman and Grif®n, 1998; Stennard, 1998) .
Although both the maternal factors (Vg1 and VegT) and the zygotic transcription factors (Sox17 and Mix-related proteins) can induce general endodermal markers such as Edd in the animal cap, the pathways that connect these factors during endoderm development remain unclear. In this report, we studied a new endodermal marker gene Xenf (Xenopus endodermal nuclear factor), which is expressed in presumptive endoderm. Xenf encodes a nuclear factor which has no apparent homology to any known proteins. We show that Xenf is induced by mRNA injection of the maternal genes Vg1 and VegT, but not by the zygotic transcription factors Sox17, Mixer or Milk. This suggests that a regulatory pathway different from that of Sox17 and Mix-related genes drives Xenf expression downstream of the maternal endoderm-inducing factors.
Results

Isolation and structural characteristics of Xenf cDNA
Xenf cDNA clone was isolated accidentally in a differential screen for downstream genes of the neural inducer Chordin (Mizuseki et al., 1998a) . The clone encoding Xenf cDNA was a pseudo-positive one in this screening, as Chordin afterwards proved not to be an inducer of Xenf expression in the animal cap assay (see Section 4). However, we further characterized this clone because it showed an intriguing expression pattern in the endoderm as described below.
Xenf cDNA clone contains 2134 base pair nucleotides which encode 497 amino acid residues ( Fig. 1A ; DDBJ accession #AB031348). The translated protein sequence showed no homology to any known proteins on a database search (BLAST). Fig. 1B indicates the regions that are rich in a particular type of amino acid residue. A domain rich in basic amino acid residues (residues 385±497) is located in the carboxyl-terminal region. A domain rich in proline and glutamine (74±113) is found in the amino terminal half, followed by an acidic residue-rich region (130±187). A protein motif search (Reinhardt and Hubbard, 1998) picked up a possible nuclear localization signal (PKLKKGL; indicated below the basic domain of Fig. 1B ). The asterisks in Fig. 1B indicate two short sequences that have a mild similarity to each other (Fig. 1C ). The hydropathy pro®le shows that the translated sequence does not contain typical hydrophobic segments, suggesting that Xenf is an intracellular protein (Fig. 1D ).
Subcellular localization of Xenf protein
To analyze the subcellular localization of the Xenf gene product, we tagged Xenf protein with GFP at the carboxyl terminus. The resultant chimeric mRNA (Xenf-GFP) was injected into all the blastomeres of a four-cell embryo, and localization of the translated product was examined at the gastrula stage by confocal microscopy.
Control GFP mRNA injection gave homogeneous signals in the cytoplasm (Fig. 2B ) that were signi®cantly higher than background auto¯uorescence ( Fig. 2A) . In contrast, injection of the chimeric Xenf-GFP mRNA gave nuclear signals, showing that GFP-tagged Xenf protein is localized to the nucleus (Fig. 2C) . In cells at M-phase, Xenf-GFP¯u orescence is closely associated with mitotic chromosomes (Fig. 2D) . Fig. 2E ,F show a higher magni®cation view of the nuclear localization of GFP-tagged Xenf protein in a dissociated vegetal cell (n, nucleus; yd, yolk droplet).
These results demonstrate that Xenf is a tissue-speci®c component of chromosomes, possibly either a DNA-binding protein or a factor bound to DNA-binding proteins.
Tissue distribution of Xenf mRNA
The spatial and temporal expression of Xenf mRNA was analyzed with whole-mount in situ hybridization. In Xenopus laevis, zygotic transcripts start to accumulate at the midblastula stage (stage 8, mid-blastula transition: Newport and Kirschner, 1982) . No signi®cant signals were detected in two-cell (data not shown) and early blastula embryos (stage 7; Fig. 3A ), indicating that few maternal transcripts are present. At early gastrula stages, Xenf transcripts were localized widely in the vegetal side, up to the rim of the blastopore (Fig. 3B ). Fig. 3C shows in situ hybridization signals of Xenf transcripts on a thick vibratome section of an early gastrula embryo. At this stage, Xenf mRNA was detected in the entire endodermal mass. At early neurula stages, only a faint staining, if any, was found in the pharyngeal endoderm (arrow), with the rest of the embryo free of signals (Fig. 3D ). These data show that Xenf is an early endodermal marker gene expressed strongly during gastrulation in a transient fashion. 
Comparison of temporal expression of Xenf and other endodermal genes
To analyze temporal regulation of Xenf expression, Northern blot analyses were performed with other endoderm marker genes, Mixer, Sox17 and Edd (Fig. 4) . The onset of Sox17 was the earliest and a low level of Sox17 transcripts was detected at stage 9 (late blastula). At the beginning of gastrulation (stage 10.25), high levels of Xenf and Mixer transcripts were accumulated. Both Xenf and Mixer expression decreased afterwards and disappeared after stage 15 (neurula stage). In contrast, Sox17 and Edd expression remained even at stage 30 (tailbud stage).
Together with the in situ hybridization results, these ®nd-ings show that Xenf is an early endoderm marker gene with an expression pro®le similar to that of Mixer.
Maternal information deposited in the vegetal pole is suf®cient to activate Xenf expression
It has been shown that maternal factors play important roles in the initial phase of endoderm determination. To understand the upstream regulation of Xenf expression, we performed vegetal pole explant experiments. A previous study showed that vegetal pole explants excised before the mid-blastula transition express endodermal markers when cultured until appropriate stages (Gamer and Wright, 1995) . However, vegetal pole explants prepared in this way do not autonomously form mature endodermal structures such as gut and liver. Classical experiments demonstrated that in¯uences from neighboring mesoderm are crucial for the differentiation of endoderm into mature tissues (Okada, 1954) .
In our study, vegetal pole fragments were excised at stage 7 (before zygotic transcription started), and were cultured in Ringer solution until siblings reached the early gastrula stage (Fig. 5A) . Whole-mount in situ hybridization analyses showed that the vegetal pole explants expressed Xenf mRNA in an autonomous manner ( Fig. 5D; Fig. 5B shows Xenf expression in a sibling). The pan-mesodermal marker Xbra (Smith et al., 1991;  Fig. 5C ) was not induced in these explants (Fig. 5E) , indicating that the induction of Xenf expression did not require in¯uences from mesoderm.
The data demonstrated that maternal factors deposited in the vegetal pole are suf®cient to initiate the downstream cascade leading to Xenf expression in a tissue-autonomous fashion.
Differential regulation of Xenf expression by maternal and zygotic genes
We next examined candidate factors that are involved in the regulation of Xenf expression by using animal cap assays. As the data above had indicated that maternal factors present in the vegetal pole provide information to induce Xenf expression, we examined the effects of Vg1 and VegT, maternal mRNAs present in the vegetal pole, by RNA microinjection. Both Vg1 and VegT overexpression induced expression of Xenf in animal caps (Fig. 6C, 100% , n 27; Fig. 6E , 98%, n 45) as well as that of the endoderm marker Edd (Fig. 6D, 100%, n 35; Fig. 6F, 100% , n 18). This is consistent with the role of maternal factors discussed above. We next tested the Xenf-inducing abilities of Sox17, Mixer and Milk, which are zygotic transcription factors that can initiate endoderm differentiation in animal caps. In contrast to the maternal factors, neither of Sox17, Mixer nor Milk activated Xenf transcription (Fig. 6G,  n 36; Fig. 6I, n 56; Fig. 6K, n 32) , whereas all of three transcription factors induced Edd expression ef®-ciently (Fig. 6H, 100% , n 38; Fig. 6J , 100%, n 54; Fig. 6L, 100% , n 16). These results indicate that Xenf expression is not regulated in the downstream pathways of Sox17 and Mix-related factors.
Overexpression of Xenf mRNA fails to induce endodermal markers
We next examined whether Xenf functions upstream of Sox17, Mixer and Milk. Overexpression of Xenf mRNA in animal caps did not induce Sox17, Mixer and Milk transcription (Fig. 7I, n 19; Fig. 7J, n 47; Fig. 7K, n 22) , while Vg1 mRNA injection induced all three genes (Fig. 7E, 90% , To further test the effects of Xenf on Sox17, Mixer and Milk, each blastomere of four-cell embryos was injected with 800 pg of Xenf mRNA and the embryos were harvested at the mid-gastrula stage. Whole-mount in situ hybridization analyses showed that Xenf overexpression did not signi®-cantly affect the in vivo expression of Sox17 (n 21), Mixer (n 22) or Milk (n 23) during gastrulation (data not shown). The injected embryos did not show particular external phenotypes (n 44) or alter the expression of the pan-endodermal marker Edd (n 32) at tailbud stages (Fig.  8A,B) .
Collectively, the results above indicate that Xenf is unlikely to act either upstream or downstream of Sox17 and Mix-related factors. This suggests the existence of a regulatory pathway distinct from that involving Sox17 and Mixrelated genes.
Discussion
Xenf, a novel nuclear factor expressed in the endodermal tissues
Xenf is a novel gene that encodes an intracellular protein, which does not contain a signal peptide or a transmembrane segment. Although Xenf has no homology to any known proteins, some domains show particular features of residue content. The carboxyl terminal region of the Xenf protein is rich in basic residues. A basic region is a common characteristic of nuclear proteins such as transcription factors and histones, which bind to DNA. In the amino terminal half, Xenf protein contains a proline and glutamine (PQ)-rich region and an acidic domain. PQ-rich and acidic regions are often found in protein±protein interaction domains, such as a transactivation domain of transcription factors. Experiments with GFP-tagged Xenf indicated that Xenf protein is a nuclear protein and closely associates with chromosomes (Fig. 2) . These structural and localization features suggest that Xenf is a nuclear component functioning in endoderm-speci®c transcriptional regulation.
Temporal and spatial expression of Xenf
Temporal expression also supports the view that Xenf may be a regulatory factor rather than a structural protein.
Xenf is expressed only in early endoderm during gastrulation and not in maturing or mature endoderm (Figs. 3 and 4) . Therefore, Xenf should function during the early differentiation of endodermal cells but not at the maintenance phases of differentiation.
In situ hybridization data showed that Xenf is expressed widely in the presumptive endoderm regions of Xenopus gastrulae (Fig. 3) . The borders of expression are the blastoporal rim (lateral direction) and the¯oor of the blastocoel (animal direction). In the dorsal lip regions, Xenf expression is detected not only on the vegetal side but also on the animal side of the lip (Fig. 3C) , suggesting that Xenf is expressed both in the yolky endoderm and in the involuting cells.
Xenf expression is controlled by a distinct pathway from that of Sox17 and Mix-related genes
Several maternal and zygotic factors have been shown to induce endodermal differentiation in animal caps. Animal cap cells of blastula embryos are considered to be uncommitted multi-potent cells that can differentiate into any of three germ layer cells in response to appropriate signals. Maternal secreted factor Vg1 (active form) and maternal transcription factor VegT can activate all known endoderm-speci®c early markers including Xenf. In contrast, the zygotic transcription factors Sox17, Mixer and Milk do not induce Xenf expression, although all three factors induce Edd expression ef®ciently (Fig. 6) . This demonstrates that neither of Sox17 nor Mix-related genes lie at the top of the hierarchy of endoderm-speci®c gene regulation because they cannot induce at least one endodermspeci®c gene (Xenf). At present, little is known about the gene interactions between zygotic endoderm regulators that act downstream of maternal endoderm-inducing factors. Our data indicate that Xenf expression is controlled in a different regulatory pathway from that involving Sox17, Mixer and Milk. The biological role of Xenf and its regulatory pathway remains to be elucidated. Xenf overexpression is not suf®cient to induce any of the endoderm markers tested in animal caps or in vivo. Therefore, Xenf is unlikely to function as a determiner of endodermal fate. It is possible that Xenf is involved in the modulation of endoderm differentiation or in unknown biological functions related to endoderm. One explanation for the lack of gain-of-function phenotypes is that Xenf may require certain cofactors to work with. The presence of a PQ-rich domain, typical for protein±protein interaction, may support this possibility. To ultimately understand the gene function, it is important to isolate the mouse Xenf homologue and investigate loss-offunction phenotypes by gene disruption.
Xenf provides a gene marker for a new regulatory pathway and should be useful for analyzing endoderm-speci®c gene regulation.
Materials and methods
Cloning of Xenf
As described previously (Mizuseki et al., 1998b) , we performed differential screening for downstream genes of Chd by using a Xenopus gastrula cDNA library. Brie¯y, mRNAs were isolated from¯y Chd mRNA-injected and water-injected animal caps, respectively, and were used as a differential probe. The cDNA clones that gave stronger signals with Chd-injected probes than with the waterinjected control were subjected to partial sequencing and in situ hybridization analyses. In this way, we successfully identi®ed three transcription factors that play a role in early neural differentiation (Mizuseki et al., 1998a,b) . As expected from the cloning strategy, the expression of these three genes was induced in Chd-injected animal caps. However, as for clone #51 (Xenf cDNA), an injection of 200 pg Chd mRNA did not activate the transcription of the clone in the animal cap, suggesting that this clone was a pseudopositive one in view of the Chd downstream genes. Nevertheless, the Xenf clone was chosen for further analyses because it showed a unique expression in early presumptive endoderm.
Xenopus embryos and explants
Xenopus laevis embryos were obtained by in vitro fertilization, dejellied in 2% cysteine solution (pH 7.8) and kept in 0.1£ Barth solution (Gurdon, 1976 ) until a given stage. Staging of Xenopus embryos was done according to Nieuwkoop and Faber (1967) . For animal cap assays, we excised animal caps at stage 9 in 1£ LCMR (66 mM NaCl, 1.33 mM KCl, 0.33 mM CaCl 2 , 0.17 mM MgCl 2 , 5 mM HEPES, pH 7.2) and cultured them in 1£ LCMR supplemented with 0.2% BSA (Sigma, fraction V) until stage 11.5. For vegetal pole explant assays, vegetal pole tissues (spanning about 608) were excised with a tungsten knife (carefully removing marginal zone areas) and cultured in 1£ LCMR with 0.2% BSA until stage 11.
RNA injections and plasmid constructions
The coding regions of Xenf and VegT cDNA were ampli®ed by PCR and subcloned into the EcoRI and XhoI, and ClaI and XbaI sites of pCS2 vector, respectively. Xsox17a, Mixer and Milk cDNAs were obtained by RT-PCR and subcloned into the ClaI and XhoI sites of the same vector. Active Vg1 mRNA was synthesized from pSP64TS vector containing A-Vg1 (a kind gift from Doug Melton) (Kessler and Melton, 1995) . For the subcellular localization study, the EGFP (Clontech)-coding region was fused to the carboxyl-terminus of Xenf and the fused cDNA was subcloned into the EcoRI and XbaI sites of pCS2 vector (pCS2 Xenf-EGFP; additional Leu-Glu residues were inserted as a linker between Xenf and EGFP coding sequences). For mRNA injection studies, each plasmid was linearized with NotI. Capped synthetic mRNA was prepared by in vitro transcription with SP6 RNA polymerase (Message Machine Kit, Ambion). Microinjection of mRNA was performed as described previously (Sasai et al., 1994) . All the injection experiments were performed at least two times and gave reproducible results.
Confocal microscopy and in situ hybridization
Confocal images were collected on an Olympus BX-50 confocal microscope using a PlanAPO 60£/1.40 oil immersion lens with GFP ®lters. To obtain dissociated cells for confocal microscopy, we excised the vegetal tissue in 1£ CMFM (88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO 3 , 5 mM HEPES, pH 7.35) and dissociated it on an agarose plate in 1£ CMFM supplemented with 0.2% BSA. The cells were then attached to a cover glass and subjected to confocal imaging. In situ hybridization analyses were performed as described (Chitnis et al., 1995) with minor modi®cations. pBS-Xenf and pBS-Edd were linearized with EcoRI, pCS2-VegT, pCS2-Mixer and pCS2-Milk with ClaI, and pCS2-Xsox17a with BamHI. Dig-labeled antisense probes were synthesized in vitro with T7 RNA polymerase. Gene expression in yolky endoderm is generally dif®cult to detect by whole-mount in situ hybridization (Sasai et al., 1996) . To enhance the permeability of probes into yolky tissues, vibratome sections (100±200 mm) were used as a sample and processed by the protocol for ordinary whole-mount in situ hybridization. Embryos were ®xed in MEMFA ®xative, embedded in 2% agarose/1£ Barth gel and used for vibratome sections.
Northern blot analysis
Total RNA was isolated from embryos of various stages with Trizol (GIBCO-BRL). Total RNA (10 mg/lane) was subjected to formaldehyde±agarose gel electrophoresis, blotted onto Gene Screen plus (Dupont) and hybridized with cDNA probes labeled with 32 P in 5£ Denhardt's, 5£ SSPE, 1% SDS, 50% formamide with carrier salmon sperm DNA at 458C, then washed at 658C in 0.2£ SSC/1% SDS.
